Cag pathogenicity island-containing Helicobacter pylori (type I) induces signal transduction pathways resulting in tyrosine phosphorylation of proteins adjacent to the site of bacterial adhesion on host gastric epithelial cells. Conventional block PCR-restriction fragment length polymorphism (RFLP) and real-time LightCycler (LC) PCR hybridization assays, validated by direct sequencing, were designed to test for the presence of three nucleotide sequences corresponding to tyrosine phosphorylation motifs (TPMs) A, B, and C in 84 isolates of H. pylori type I from patients in England. Overall, the PCR assays demonstrated that one or more TPMs were present in 62 strains (75%). Motif A was common (71% of strains), whereas motifs B and C were rarer (8% of strains). Strains lacking a TPM were typically vacuolating cytotoxin genotype vacA m2. Motif A was widely distributed in relation to disease severity and was more commonly (but not significantly [P ‫؍‬ 0.071]) associated with gastric ulcer than with duodenal ulcer (86 versus 56%). The LC hybridization assay provided a rapid means of detecting all three motifs, but RFLP analysis was more specific for TPM-A. TPMs provide novel additional strain markers for defining cagA variation, including identification of RFLP types within TPM-A. The presence of a particular TPM was not of direct diagnostic value, either singly or in combination, but the higher proportion of TPM-A strains in gastric ulcer patients merits further investigation.
Helicobacter pylori is a gram-negative microaerophilic bacterium that colonizes the human stomach, where it induces chronic gastritis (18) . Although not always the cause of clinically manifest disease, H. pylori infection is strongly associated with peptic ulceration, as well as with increased risk for the development of mucosa-associated lymphoid tissue lymphoma and gastric cancer (10, 11, 13) . Gastric infections with H. pylori have a worldwide distribution, with current prevalence rates about 35% in England and Wales (32) and more than 75% in many developing countries (26) . No single pathogenicity factor has yet been proved to be uniquely associated with the ability of H. pylori to cause gastroduodenal ulcer disease or cancer (6, 11) . The presence of the cytotoxin-associated gene (cagA), encoded in the 40-kb cag pathogenicity island (cag PAI), and the presence of signal and midregion alleles of the vacuolating cytotoxin (vacA) gene are markers for type I strains of H. pylori (7) . Such strains secrete VacA and exhibit increased interactions with host epithelial cells compared with type II strains, which lack the cag PAI (2) . H. pylori exports the highly immunodominant 145-kDa CagA protein via a type IV secretion system encoded by the cag PAI. CagA is then translocated into the gastric epithelial cells, where it induces host cell kinases that phosphorylate tyrosine residues in CagA adjacent to the site of bacterial adhesion on the host gastric epithelial cells, which in turn activate eukaryotic signal transduction pathways and cytoskeletal plasticity (1, 4, 5, 21, 29, 28, 30) . Three putative nucleotide tyrosine phosphorylation motifs (TPMs) in the CagA protein have been predicted and designated TPM-A, TPM-B, and TPM-C (21), although additional motifs (12) , such as the EPIYA sequences, have also been identified in CagA (31) . The precise link among cagA, the production of the CagA protein, and strain virulence is controversial (16, 20, 26) . About 68% of strains isolated from dyspeptics in England have cagA present in the genome (24) , and similar or higher frequencies have been reported in many other countries (16, 17, 20) . Nevertheless, cagA status alone is insufficient to reliably predict either virulence or association with gastric ulcer (6, 15, 19, 25) .
In the present study, conventional block PCR and real-time fluorescence PCR hybridization assays were developed for the detection of corresponding nucleotide sequence motifs for cagA TPM-A, -B, and -C and were applied to determine motif prevalence in H. pylori isolates from one locality in England and to test for any general associations with peptic ulcer disease.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Eighty-four isolates of H. pylori that had previously been reported to carry an intact cag PAI (23) were cultured from antral gastric biopsy specimens of dyspeptic patients undergoing routine upper gastrointestinal tract endoscopy (Chelmsford, mid-Essex, United Kingdom). No specific clinical selection criteria were applied for inclusion of patients. Five disease groups of isolates were defined from endoscopic investigation: the duodenal ulcer (DU) group (n ϭ 23 strains), the gastric ulcer (GU) group (n ϭ 14 strains), the DU-plus-GU group (n ϭ 4 strains), the gastric neoplasia (GN) group (n ϭ 2 strains), and the nonulcer dyspepsia (NUD) group (n ϭ 41 strains). H. pylori isolates were cultured on Columbia agar containing 10% (vol/vol) defibrinated horse blood at 37°C under microaerobic conditions (5% O 2 , 5% CO 2 , 2% H 2 , 88% N 2 ) in a Variable Atmosphere Incubator (Don Whitley Scientific, Shipley, Yorkshire, England) for 48 to 72 h. Five reference strains of H. pylori with defined TPMs were included as controls ( Table 1) .
Preparation of template DNA. Genomic DNA was obtained from H. pylori by the cetyltrimethylammonium bromide extraction method described previously (33) .
PCR-RFLP assays. Conventional block cycler PCR-based restriction fragment length polymorphism (PCR-RFLP) assays were developed for detecting TPM-Aand TMP-C-specific sequences in cagA (Fig. 1) . Primer pairs MotAF-MotAR2 and MotCF-MotCR (Table 2) , for amplification of fragments containing TMP-A and TPM-C, respectively (product sizes, 356 and 179 bp, respectively), were designed by using cagA sequences of the reference strains and additional sequences in GenBank (Table 1) . The fragments containing TPM-A and TPM-C were amplified by using standard protocols with the following block cycler conditions: an initial denaturation at 95°C for 5 min; 35 cycles, each consisting of denaturation at 95°C for 30 s, annealing at 53°C for 30 s, and elongation at 72°C for 1 min; and a final elongation step of 5 min at 72°C. Amplified fragments were subjected to RFLP analysis to detect the presence of motif-specific cut sites. Oligonucleotide primers and fluorescently labeled probes for real-time PCR hybridization assays. Real-time PCR assays for the LightCycler (LC) instrument (Roche Diagnostics Ltd., Lewes, East Sussex, England) were designed to detect each TPM according to principles described previously (14) . The oligonucleotide primers and probes (Table 2 ) (for locations in cagA, see Fig. 1 ) were designed following multiple alignment of nine cagA sequences in GeneBase (version 1.0; Applied Maths, Kortrijk, Belgium). Bi-probes CagMotA, CagMotB, and CagMotC were designed to be exactly complementary to motifs in the respective reference strains (Table 1 ) and were labeled with the fluorescent dye Cy5 at the 5Ј end and biotinylated at the 3Ј end. Real-time PCR was performed as follows: 2 l of DNA (10 ng/l) was added to an 18-l reaction mixture containing 200 M each deoxynucleoside triphosphate, 50 mM Tris-HCl, 3 mM MgCl 2 , SYBR Green 1 diluted 1/10,000 (Bio/Gene Ltd.), 2 pmol of the forward primer (Table 2 ), 10 pmol of the reverse primer, 5 pmol of the probe, and 0.8 U of Platinum Taq DNA polymerase. TPM-containing fragments were amplified in the LC by denaturation (95°C for 10 s), followed by 50 cycles of denaturation (94°C), annealing (49 to 53°C for TPM-A, 48 to 51°C for TPM-B, and 52 to 56°C for TPM-C, all with a slow temperature transition rate of 3°C/s between the two temperatures), and extension (72°C for 10 s).
Nucleotide sequence analysis of amplicons. After block cycler PCR amplification, cagA amplicons from 37 strains were purified and then sequenced inhouse by using the CEQ Dye Terminator Cycle Sequencing Quick Start kit (Beckman Coulter Inc., High Wyckam, England). In addition, TPM-A products of four isolates were sequenced commercially. Chromatograms were checked in Chromas (version 1.42; Griffith University, Queensland, Australia), and sequences were aligned and analyzed in GeneBase.
vacA genotyping. Vacuolating cytotoxin genotyping assays for vacA midregion (m1 and m2) alleles were performed by using the primers and PCR conditions described previously (3, 24) .
Statistical analysis. Fisher's exact test, the chi-square test, odds ratios with 95% confidence intervals (95% CI), and P values were determined (Epi-Info program, version 6). A P value below 0.05 was considered significant. fragment was subjected to probe hybridization melting point analysis. The predicted melting temperature (T m ) was based on a probe sequence with full complementarity to the template DNA. T m s for each reference strain are listed in Table 2 . Reference strain DNA for each motif was included in analyses to correct for minor run-to-run variations in the T m s. The observed T m for probe cagMotA in the LC-PCR assay for reference strains containing TPM-A ranged from 60.4 to 63.3°C (mean, 62.2°C). The T m s for reference strains lacking TPM-A varied between 55.6 and 60.3°C (mean, 58.0°C). A T m of Ն62°C, corrected relative to the reference DNA samples, was used as the cutoff for a TPM-A-positive PCR product.
RESULTS

Detection of
For identification by PCR-RFLP, the 356-bp fragment containing TPM-A, defined by the amino acid motif KFGDGRY located at site 122, was digested with HinfI to target a cut site within the asparagine residue that resulted in fragments of either 199, 87, and 70 bp (type H3) ( Fig. 2A) (Fig. 2B) . The presence of other fragments, attributed to one or more additional mutations at the cut sites, was interpreted as absence of TPM-A.
Overall, TPM-A was detected by at least one of the assays in 60 isolates (71%), either singly (64%) or in combination (7%) ( Table 3) . NCTC 11638, NCTC 12455, and 52 strains of H. pylori were TPM-A positive by all three assays. Four isolates were negative by the LC-PCR assay but positive by both PCR- RFLP assays. Product amplification failed in the LC-PCR assay of one isolate but gave a positive result in both PCR-RFLP assays, while another strain yielded no PCR product for RFLP analysis but was identified as TPM-A positive by the LC-PCR assay. There was good concordance between the HinfI and DdeI assays except that two strains were negative in the latter assay. The remaining 24 strains and 3 reference strains (NCTC 11637, NCTC 11916, and J99) were negative for TPM-A by the LC-PCR assay and by the HinfI RFLP assay. Nineteen strains for which partial DdeI digests were observed were recorded as negative for TPM-A. The different RFLP profiles predicted from inspection of GenBank sequences provided a measure of the variation within the motif A region. For example, there were two different HinfI profiles (types H2 and H3) for TPM-A-positive strains and four different HinfI RFLP profiles (types H1 and H4 to 6) for TPM-A-negative strains. Likewise, there were three DdeI profiles (types D2, D4, and D6) for TPM-A-positive strains and five DdeI profiles (types D1, D3, D5, D7, and D8) for TPM-A-negative strains. Most (90%) of the TPM-A-positive strains had the same combined DdeI/HinfI profile (D2H2), which was also a feature of NCTC 11638 and strain 26695, while the remaining strains were represented by three other combined profiles. The TPM-A-negative strains, by contrast, were more diverse, with 12 combined profiles.
Sequence analysis of PCR products of selected strains was performed to assess PCR assay specificities. The presence of TPM-A in two strains that were positive by both LC-PCR and PCR-RFLP was confirmed. Furthermore, fragments of cagA from 26 strains that were TPM-A negative by the LC-PCR hybridization assay were confirmed as negative.
Detection of cagA TPM-B. Amplification and melting conditions were optimized for the TPM-B assay, and the 216-bp fragment containing TPM-B was amplified, followed by probe hybridization melting point analysis. The mean observed T m for probe cagMotB in the LC-PCR for NCTC 12455 was 65.9°C. The mean observed T m s for reference strains lacking TPM-B varied between 52.2 and 60.9°C, and because the T m was predicted to be in the range of 42.0 to 66.0°C, an observed T m of Ն65.9°C was defined as the cutoff for a positive TPM-B assay. Overall, the LC-PCR assay detected TPM-B in H. pylori reference strain NCTC 12455 and in three clinical isolates (4%). A specific RFLP assay for TPM-B corresponding to the amino acid sequence motif KNSTEPIY at amino acid site 899 could not be designed due to the high degree of nucleotide sequence diversity evident from the alignment of different cagA sequences. Sequence analysis confirmed the presence of TPM-B in two of the LC-PCR-positive strains, whereas four other strains that generated equivocal T m s lacked TPM-B.
Detection of cagA TPM-C. The 179-bp fragment containing TPM-C was amplified by LC-PCR, followed by probe hybridization melting point analysis. The observed T m s of probe cagMotC of TPM-C-containing control strains ranged from 64.6 to 66.3°C (mean T m , 66.0°C). Observed T m s for reference strains lacking TPM-C were between 53.0 and 62.0°C, so a T m of Ն66.0°C was used as the cutoff for a TPM-C-positive strain (Fig. 3) . The LC- (Fig. 2C) when TPM-C was present and either 139, 32, and 8 bp (type T1) (Fig.  2C ) or 147 and 32 bp (type T2) when TPM-C was absent. In practice, the Tsp509I assay generated two profiles for positive strains (T3 and T4) and two profiles for negative strains (T1 and T2). Most TPM-C-positive strains had profile T3 (13 strains), although one T3 profile was interpreted as a mixture of TPM-C-positive and -negative forms. TPM-C-negative strains were either T1 (11 strains) or T2 (46 isolates).
Sequence analyses confirmed the presence of TPM-C in the two isolates that were positive by both assays and in one of the two isolates that generated an equivocal LC-PCR assay result. PCR-RFLP suggested that TPM-C was present in an additional nine isolates, but LC hybridization did not confirm this, nor did sequence analysis of five of these samples. All 70 remaining strains were negative for TPM-C by both PCR assays.
Overall, TPM-C was confirmed in five strains (6%) either singly or in combination ( Table 3) .
Distribution of cagA TPMs by disease group. TPM-A was widely distributed among isolates regardless of disease symptoms, whereas TPM-B and TPM-C were rare as single motifs. No associations of TPMs with disease symptoms were evident (Table 3) . Although the prevalence of TPM-A was higher in isolates from GU patients (12 of 14 [86%]) than in those from DU patients (13 of 23 [56%]), the association was not significant (P ϭ 0.071), with an estimated odds ratio of 5.5 (95% CI, 1.0 to 30.1).
Associations between TPMs and vacA genotype. There were 43 H. pylori vacA m1 and 37 vacA m2 strains as well as 4 strains with mixed genotypes. For the TPM-A-positive group, 26 strains were vacA m1 and 15 strains were vacA m2. Likewise, there were no associations between vacA type and the presence of TPM-B and -C. Analysis of the combined TPM-A and vacA m genotypes in relation to disease group also showed no specific associations. However, of the strains that had no TPM, only four were vacA m1 whereas the majority (83% [19 strains]) were vacA m2 or a mix of m1 and m2; of the peptic ulcer isolates, all 10 TPM-negative strains were vacA m2.
DISCUSSION
Novel block PCR-RFLP and rapid real-time PCR hybridization assays with three fluorescently labeled bi-probes were developed to test for the presence in the H. pylori genome of nucleotide sequence motifs corresponding to deduced CagA amino acid TPMs (A, B, and C) (21) . Because these motifs are associated with tyrosine phosphorylation of CagA protein, they were investigated to determine if they might provide markers of more-severe disease outcome as a result of increased H. pylori-host epithelial cell interactions. Polymorphisms within cagA may affect the biological function of the protein and might explain the lack of a consistent correlation between cagA and disease severity previously noted (6, 23, 24) . Initial identification of TPMs was based on a small number of diverse isolates of H. pylori, so the purpose of the present study has been to investigate TPM variation and frequency in a larger sample of isolates from peptic ulcer as well as NUD patients.
TPM-A was a common feature (71%) of H. pylori type I strains isolated from patients in England (mid-Essex), irrespective of associations with chronic clinical disease such as the presence of gastric and/or duodenal ulcers and of gastric cancer. By contrast, TPM-B and TPM-C were less common; they were detected in only 3 and 6% of strains, respectively, and mostly in combination with TPM-A. H. pylori that contained TPM-A showed some diversity with respect to RFLP type and vacA midregion genotype, and overall the most common combined genotype was TPM-A vacA-m1 RFLP-H2D2. Interestingly, the strains with no detectable motif were usually vacA m2, which is a genotype that interacts least with the host gastric mucosa (2) .
Other data on TPM frequencies are for H. pylori type I isolates from 15 gastritis and 18 gastric cancer patients in Costa Rica (20) . Nucleotide sequencing and deduced amino acid sequences showed relative frequencies that were significantly higher than ours, with 100% for TPM-A and 58% for TPM-B, whereas TPM-C was not detected in any strain. The reasons for such differences from our results are unclear, particularly for motif B, but they could be due to the patient populations examined or the methodology used; for instance, TPM-B strains were defined as containing the amino acid sequence motif KNS(T/G)EPY at position 899. Neither study found an association between the number of TPMs present and the severity of disease. However, our data suggest a trend, albeit not statistically significant, indicating that a higher proportion of GU-associated strains had TPM-A-an observation that may merit further study on a larger isolate set. Analysis of other cagA sequences also revealed that only a minority contained TPM-C (27) , suggesting that that motif does not play a role in the pathogenesis of H. pylori, unlike TPM-A and -B, which are more frequently associated with severe disease. However, these observations are contradicted by other reports (22, 27) showing that TPM-C and not TPM-A is required for phosphorylation and that lack of TPM-C results in lower phosphorylation activity in strains containing either TPM-A alone or both TPM-A and TPM-B. Recently, an additional TPM, characterized by the peptide sequence EPIYA, has been identified and shown to occur as multiple repeats located upstream of the TPM-C site at the 3Ј end of CagA (7, 31) . This TPM is identical to the R1 repeat sequence characterized previously (34) . Interestingly, strains with CagA containing three EPIYA elements at the C-terminal end were isolated predominantly from patients with gastric cancer and severe gastric atrophy (type C), whereas isolates with two EPIYA repeats (type A) were evenly distributed among patients with different gastric disease symptoms. Further analysis of the C-terminal region showed that both type A and type C strains lacked TPM-C. However, all type C strains were TPM-B positive, whereas approximately one-third of the type A strains lacked TPM-B. These findings suggested that the presence of TPM-B may also enhance the pathogenicity of H. pylori, whereas the presence of TPM-A in those isolates could not be verified. Our English isolates, like those from Costa Rica (20) , lacked the TPM-B-TPM-C motif combination, which may be due to the fact that these two phosphorylation sites are located in close proximity at the COOH terminus of the CagA protein. The remaining 23 isolates in our study had no motifs detectable in the PCR assays and in that respect resembled strain J99 (a DU isolate from the United States), whose genome has been sequenced and reported to contain one R1 repeat 50 bp upstream of the nonfunctional TPM-C.
A total of six different PCR-based assays for detecting TPMs were developed and tested in this study. These comprised three assays for TPM-A (PCR-RFLP with HinfI, PCR-RFLP with DdeI, and LC probe hybridization), one LC probe hybridization assay for TPM-B, and two assays for TPM-C (PCR-RFLP with Tsp509I and LC probe hybridization). Direct DNA sequencing was used as the gold standard to check the specificity of the assays for selected samples. Real-time PCR assays, including those based on LC technology, are used increasingly in bacterial diagnostics because of their speed, convenience, and easy applicability to clinical specimens (9) . Previously, LC-PCR was used to detect mutations in H. pylori 23S ribosomal DNA associated with clarithromycin resistance in pure cultures (14) and directly in gastric biopsy specimens without culture (8) . The LC assays for TPM-A, -B, and -C have not yet been fully evaluated for direct use on gastric biopsy specimens, but with purified DNA they offer the advantage of simplicity (single-tube reaction) and speed, giving a result within 1 h as opposed to 24 h by conventional RFLP analysis.
Because of the high degree of interstrain sequence diversity within cagA, particularly within the TPM-B region, no single PCR assay format was applicable to all motifs. For TPM-A, the PCR-RFLP (HinfI) assay was the most reliable, with 100% specificity and 98.8% sensitivity, and was easy to perform and interpret. Close agreement was observed between the results of that assay and those of the real-time PCR assay. In the case of TPM-B, it was possible to develop an LC assay only because of sequence diversity, attributable to substitutions as well as insertions and deletions within the region of the motif. The LC assay showed good concordance with direct sequencing, although it generated a number of equivocal results that complicated interpretation. Likewise, for TPM-C, LC-PCR and sequencing results showed good correlation in most (seven of nine) cases, although only sequencing could define TPM-C status accurately for the two isolates that had generated equivocal melting peaks by the LC assay. In contrast, PCR-RFLP was less reliable and misidentified TPM-C in nine isolates. It was not possible to identify a restriction endonuclease specific for the TPM-C sequence, but examination of cagA sequences in GenBank suggested that the Tsp509I recognition sequence located immediately downstream of TPM-C was characteristic of that motif. However, the Tsp509I restriction sequence, while rare in strains lacking TPM-C, is occasionally present in such strains, so the PCR-RFLP assay had reduced specificity. The advantage of LC-PCR assays is that they might be applied directly to DNA extracted from gastric biopsy specimens and thus, if used in combination with real-time sequencing of short (25-to 50-bp) motifs, could provide a strategy for rapid screening of isolates.
In conclusion, our study shows that while TPM-A was common in patients in England, there was no evidence of a direct association between the presence of that TPM or other, rarer TPMs (B and C) and the occurrence of peptic ulcer disease. The presence and disease associations of these TPMs and the EPIYA motif repeats need to be investigated in a wider selection of strains in relation to the degree of inflammation in the host gastric tissue as well as to the level of tyrosine phosphorylation of CagA protein in infected epithelial cells.
